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Abstract
We propose a one-shot thickness measurement method for sponge-like structures using a
propagation-based X-ray phase-contrast imaging (P-PCI) method. In P-PCI, the air-material
interface refracts the incident X-ray. Refracted many times along their paths by such a structure,
incident X-rays propagate randomly within a small divergent angle range, resulting in a speckle
pattern in the captured image. We found structure thickness and contrast of a phase-contrast
projection are directly related in images. This relationship can be described by a natural logarithm
equation. Thus, from the one phase-contrast view, depth information can be retrieved from its
contrast. Our preliminary biological experiments indicate promise in its application to
measurements requiring in vivo and ongoing assessment of lung tumor progression.
The manuscript
X-ray imaging is a valuable tool in many areas as its investigation of objects is
nondestructive. In X-ray images, interior structures appear overlapped and are represented by
their X-ray absorption properties. To reconstruct a three-dimensional (3D) structure of the imaged
object, multiple X-ray projections around the object are needed. However, this type of image
processing cannot always be achieved because of concerns over radiation damage or procedures
that cannot be repeated. To address this problem, we propose a one-shot thickness measurement
method for sponge-like structures using X-ray phase-contrast imaging (PCI). With this method,
2depth information of an imaged sample can be retrieved from a single view. Thus, the 3D volume
of a targeted object can be predicated.
X-ray PCI has been a hot topic for several years because of its fundamentally different
imaging mechanism compared with traditional X-ray imaging1, 2. This technique is based on the
phase shift associate with the incident X-rays passing through objects. A change in the X-ray
wavefront results in a change in propagation direction. To represent the imaged object with
phase-shift contrast, many imaging methods have been proposed, such as propagation-based PCI
(P-PCI)1, analyzer-based diffraction-enhanced imaging3, and grating-based PCI (G-PCI)2,4.
Among these, the P-PCI method offers the simplest system configuration and can achieve high
spatial resolution as no optical elements are used within the X-ray path.
According to previous studies58, air-material structures can introduce significant phase
contrast for P-PCI. The sudden change in density at air-material interfaces can alter the
propagation direction of X-rays. For example, refracted by air-filled blood vessels, bright lines
are formed in a recorded phase-contrast image9; refracted by air-filled microbubbles, bright spots
are formed6, 8. Considering that there are many air-material structures existing within an X-ray
path, the direction of X-ray propagation changes randomly and often; speckle patterns thus form
in projection images7. Phase-contrast imaging of sponge-like structures plays an important role in
biomedical applications, such as lung tumor detection10. Normal alveoli act as mirrors, refracting
X-rays that form speckle patterns in projection images. In contrast, dense cancerous tissue within
the lung results in fewer fluctuations in tumor projections. This phenomenon has been studied to
improve the contrast between normal and cancerous lung tissue10, 11. Because there are obvious
differences between air-filled structures and dense materials, we developed a volume evaluation
method to distinguish between sponge-like structures of differing thicknesses. Both model and
biological experiments were performed to verify its effectiveness.
Without loss of generality, consider the two-dimensional interaction between X-rays and
sponge-like structure during P-PCI. The imaging system is shown in Fig. 1(a), where the sample
changes the propagation directions of incident planar X-rays. The refracted X-rays are captured
by a detector downstream at a distance D away from the sample. During the interaction, each
subunit, defined by a ball in our example, changes the X-ray propagation direction slightly, as
indicated in Fig. 1(b), where i denotes the angle of incident for the X-ray, and 1i  denotes its
exiting direction. Exiting angles can be calculated using Snell’s law. As this angle is only
dependent on the incident angle and the interaction position with the subunit, but not its history
3propagation path, the interactions between X-rays and the many subunits in a sponge-like system
can be analyzed as a Markov process. Let the difference in angle 1i i     be described by
probability distribution function f . As the ball is symmetrical, the probability distribution
function of  satisfies ( ) ( )f f    . Let  ,i jnP  be the probability function of a
propagating X-ray changing direction from i to j in passing n subunits, where   ; here
 is the X-ray direction space. According to the property of Markov chains, we have
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As the incident X-rays are assumed plane waves 0i  , as depicted in Fig. 1(a), Eq. 1 can be
written as
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Thus, the angular distribution of the X-ray direction after interaction with n subunits is the
convolution of (n-1) angular probability distribution functions. The result implies that the thicker
the sponge-like structure, the wider the angular distribution for exiting X-rays. This conclusion
can also be extended to interactions between X-rays and three-dimensional sponge-like structures.
4In our model experiment, we fabricated a sponge-like structure using polymethyl
methacrylate (PMMA) granules with a mean diameter ~120 μm. These granules were packed
randomly with a density of around 52% between two glass slides and irradiated with parallel X-
rays beams (Fig. 1(a)). The 3D visualization of the lab-made sponge-like structure is shown in
Fig. 1(c). Imaging experiments were performed at the BL13W beamline of the Shanghai
Synchrotron Radiation Facility with a partially coherent 25 keV X-ray beam. The distance
between sample and detector, D , was set at 60 cm. Phase-contrast images were recorded using a
thin (100 μm) CdWO4 cleaved single-crystal scintillator and CCD camera with pixel size of 9 μm.
One phase-contrast speckle projection of a 2 mm thick model is shown in Fig. 1(d).
FIG. 1. (Color online) Illustrations of (a) propagation-based X-ray phase-contrast imaging and (b)
interaction between a subunit and X-ray. (c) is the 3D visualization of the imaged lab-made
sponge-like structure, and (d) its X-ray phase-contrast speckle projection.
To quantify the contrast, we employed
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to calculate the contrast projection, which is composed of overlapping local contrasts12. In this
formula,  ,x y represents a point in the image, I the intensity, subscript W denotes the size of
the local calculation window, and the operator  signifies averaging over the local window. In
our experiments, we adjusted the distance between the two glass slides to produce sponge-like
structures of different thicknesses. Each granular model was randomly packed to maintain the
same packing density; their P-PCI projections are listed in the left column in Fig. 2. Intuitively,
these projections are darker for thicker sponge-like structures because of the absorption by
materials. Furthermore, sharper fluctuations were observed in the P-PCI images with thicker
structures. Using Eq. 3, quantified contrast projections were calculated in false color; typical
images are placed alongside their P-PCI projections in the far-right column of Fig. 2. The size of
the local calculation window is set at 30 pixels.
From our results for the different sample thicknesses, there are obvious color differences
among the contrast images. By calculating, for each projection, the mean speckle contrast and its
standard deviation, and plotting against sample thickness (Fig. 3(a)), a relation can be established
modeled with a natural logarithm equation  ln 1C a b T    , where a and b are parameters.
A fit to the data yields 0.0378a  and 4.7148b  , with an adjusted R-square of 0.9957.
In Eq. 1, the calculation window size affects the spatial resolution of the quantified
contrast image; the larger the calculation window, the lower the spatial resolution. To study the
robustness of speckle contrast with different calculation window sizes, we plotted the speckle
contrast of projection of 1.5 mm sponge-like structures with various window sizes ranging from
10 to 50 pixels (Fig. 3(b)). The result suggests that the quantified contrast maintains stability with
different calculation windows. However, with increasing calculation window size, the standard
deviation for the speckle contrast decreases, indicating a flatter contrast image. There is a trade-
off between spatial resolution and noise in the quantified contrast image.
6FIG. 2. (Color online) (left column) X-ray phase contrast projections for samples of different
thicknesses and (right column) their corresponding quantified contrast images.
FIG. 3. (Color online) (a) Relationship between speckle contrast and sample thickness with a
fixed calculation window of 30 pixels. (b) Relationship between speckle contrast and calculation
window size with a 1.5 mm sample thickness. Each data point is expressed as mean ± standard
deviation in the corresponding phase-contrast projection. The red line in (a) is the result of fitting
with the natural logarithm equation.
In our biological experiment, two male C57BL/6 mice (about 6 weeks old) were studied
in vivo. Both were implanted with Lewis lung tumors, one with 3-day-old cells and the other one
with 5-day-old cells. Their tumor thicknesses of about 1.68 and 3.40 mm. The imaging
configuration is the same as in the model experiment described above except that the X-ray
energy is 20 keV. P-PCI projection images of the left lung for each mouse are presented (Fig. 4(a)
7and (b)). The tumor areas are framed by white boxes. Enlarged views of these areas are presented
in Fig. 4(f) and (g) with a narrow display window. Tumors are indicated by white arrows. A
simple sketch of a tumor inside lung tissue (Fig. 4(e)) is presented as an aid to visualize the model,
with hollow circles representing normal alveoli and the solid ellipse representing the tumor of
thickness 2T ; 1T denotes the thickness of whole line tissue. According to the above results, the
speckle contrast is related to the thickness of the sponge-like structure ( 1 2T T ). Thus, by taking
the phase-contrast projection of a lung tumor area and calculating its speckle contrast, the 3D size
of the tumor can be predicated from one view.
In a further experiment, the lung tissue used in imaging (Fig. 4(a) and (b)) was manually
segmented by removing the ribs; their quantified speckle contrast is shown in Fig. 4(c) and (d).
Because the contrast is affected by many factors, such as respiratory phase, we employed instead
the normalized speckle contrast expressed as
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where baseC is the reference speckle contrast. For this purpose, we calculated the speckle contrast
of the right lung tissue of each mouse. The mean ± standard deviation normalized speckle
contrasts of lungs with 3- and 5-day-old tumors were 0.53 ± 0.10 and 0.38 ± 0.08, respectively.
8FIG. 4. (Color online) (a) and (b) are the respective in vivo phase-contrast projection images of
the left lungs of the mice with 3- and 5-day-old tumors. (“L” signifies left side); (c) and (d) are
their corresponding normalized speckle contrast images obtained using Eq. 2; (f) and (g) show the
enlarged tumor areas box-framed in (a) and (b) with white arrows indicating tumors: (e) is a
simple sketch of a lung tumor surrounded by alveoli cells where 1T and 2T denote the thickness
of lung tissue and dense tumor tissue, respectively.
As demonstrated by our model experiment, the contrast in a phase-contrast projection
from sponge-like materials is directly related to its thickness (Fig. 3(a)). From the contrast-
thickness curve, we can determine the thickness of an imaged sample from its speckle contrast.
The results are an interesting discovery that enables 3D measurements from a single projection
image. Previous studies have shown improved image contrasts between normal lung tissues and
lung tumors10. In our preliminary animal experiment, the quantified lung tumor projections
corresponding to different development stages are represented in false color scale (Fig. 4(c) and
(d)). This result suggests that the proposed one-shot thickness measurement can be potentially
used in vivo to assess the progression of lung tumors. Because only one projection is needed and
because of the high flux of synchrotron radiation, this method benefits from low radiation dosage
and fewer artifacts caused through breathing. To have a systematic study on the relationship
between lung tumor thickness and normalized speckle contrast, more animal experiments need to
be performed.
In conclusion, we described a volume measurement method that only requires a single
projection image. In our model experiment, we found that the contrast of the phase-contrast
projection was directly related to sample thickness and expressible by a natural logarithm
equation. Our preliminary biological experiment has shown that the one-shot volume
measurement method can potentially be used for volume measurements of lung tumors,
particularly taken in vivo for continuous monitoring of lung tumor growth. Further work is in
progress.
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